Synthetic unit hydrograph (SUH) methods are popular and play an important role in many water resources analyses of un-ganged watersheds. These methods are simple, requiring only an easy determination of watershed characteristics, such as catchment area and river length. In some cases, they may also include landuse characteristics and serve as useful tools to simulate runoff from watersheds undergoing land-use change. To develop a synthetic unit hydrograph, several synthetic unit hydrograph models such as HEC-HMS, Nakayasu, SnyderAlexeyev, SCS, and GAMA-1 are commonly used in Indonesia. In this paper, a new method for computing the synthetic unit hydrograph based on mass conservation principles is presented. This mass conserving synthetic unit hydrograph calculation procedure, called the ITB SUH calculation method, has been implemented in the development of ITB-1 and ITB-2 SUH. The unit hydrographs are synthesized by using either a simple single function (ITB-1) or using two simple functions (ITB-2) combined with automatic adjustable peak discharge factors. Some applications of the method in computing design floods of small-and medium-size catchment are presented. The results show that, although input requirements for the ITB SUH calculation method are simple and the calculation is easy, the final results agree well with other methods developed previously.
Introduction
Flood estimation is one of the most important components of water resources project planning, design and operation. When long flood discharge records (more than 20 years) are available, design floods can be evaluated via a statistical analysis. However, long recorded flood discharge data are seldom availlable to determine design floods of a basin or watershed. This situation is common in many parts of the world, due to lack of gauging stations along rivers and streams. When discharge and rainfall data were not available for planning and designing water management facilities and other hydraulic structures, techniques were developed that allow generation of synthetic unit hydrographs.
The synthetic unit hydrograph method, initially proposed by Sherman in 1922, is still a widely used tool in hydrologic analysis and synthesis, especially for un-ganged watersheds. The term "synthetic" in "synthetic unit hydrograph" denotes the unit hydrograph is derived from watershed characteristics rather than rainfall-runoff data. These methods are popular and play an important role in many water resources design and analyses. These methods are simple, requiring only watershed characteristics, such as catchment area and river length, and serve as useful tools to simulate runoff from un-gagged watersheds.
This paper presents the results of the Capacity Building Research Program, funded by the Institute of Technology Bandung (ITB), Indonesia, 2010. This one-year research project was to develop a new method for calculating synthetic unit hydrographs. This mass conserving SUH calculation procedure, called ITB SUH calculation method, was initially developed by Natakusumah [1] and later implemented by Natakusumah et al. [2, 3] for developing ITB-1 and ITB-2 synthetic unit hydrographs.
Synthetic unit hydrograph
One of the most popular synthetic unit hydrograph method used is the Soil Conservation Service (SCS) curvilinear unit hydrograph. It is derived from the analysis of large numbers of natural unit hydrographs for catchments of varying size and geographic location. This method is based on the assumption that the same unit hydrograph shape applies to all catchments; only the scale differs.
Following the approach developed by SCS, we derived a unit hydrograph calculation procedure in which the unit hydrograph is dimensionless with axis of q=Q/Q p and t=T/T p , Q equals the discharge rate at any time T, and Q p equals the peak discharge at peak time T p .
To define a complete shape of synthetic unit hydrographs, three characteristics of synthetic unit hydrographs are required. The three characteristics are: 1) basin lag (T L ) and time to peak (T p ), 2) basic shape of synthetic unit hydrograph and 3) adjustable peak discharge (Q p ) per unit rainfall depth.
Basin lag and time to peak
The basin lag is an important parameter in computing unit hydrograph, but it is sometimes difficult to estimate its value in real-world situations. Many empirical equations of time lag and its relation to time to peak have been proposed in the literature [5] [6] [7] . Our proposed method is flexible in adopting time lag and time to peak formula available in the literature. In this paper, however, we compute the basin lag using a simplified Snyder formula (L c =1/2 L, n=0.3) as follows:
where:
T L = time lag (hours) C t = Coeff for time calibration (C t =1 is standard value) L = river length (km)
Furthermore, if T r is unit rainfall duration, time to peak is given as
while time base is defined as
But in practice time base is limited to T b 10*T p 3 . b
Basic shape of synthetic unit hydrograph
Unlike other methods that use specific unit hydrograph shapes, the proposed method is flexible in adopting any basic shape representing unit hydrograph shape (triangular, curvilinear, etc.). Although the proposed method is applicable to any basic shape for synthetic unit hydrographs, in this research, we proposed an adjustable synthetic unit hydrograph shape synthesized by using either a simple single function (ITB-1) or two simple functions (ITB-2) as follows: where C t = coefficient for peak discharge calibration (C p =1.0 is default value). Figure 1 shows the typical shape of ITB-1 and ITB-2 synthetic unit hydrographs generate using equation (4) and (5). Typical shape of ITB-1 and ITB-2 synthetic unit hydrographs.
Peak discharge of synthetic unit hydrograph
Peak discharge of the unit hydrograph was derived by following the definition of unit hydrograph and the principle of mass conservation. 
where V HU = volume of unit hydrograph (m 3 ), Q p = peak of unit hydrograph (m 3 /s), A UH = area of unit hydrograph (dimensionless). Please note that A UH can be computed exactly or numerically (e.g. using trapezoidal rule).
The unit hydrograph of a catchment is defined as the direct runoff hydrograph resulting from a unit excess rainfall depth of constant intensity and uniformly distributed over the watershed [4, 5] . Following this definition, the volume of rainfall excess can be computed as
where V RE = total volume of unit excess rainfall (m 
Therefore the peak discharge can be written as follows:
in which Q p = the peak discharge in m 3 /s; R= unit excess rainfall depth (mm); A CA = the catchment area (km 2 ); A UH = the area of unit hydrograph (dimensionless), computed exactly or numerically (e.g. using trapezoidal rule).
Proposed procedure for developing synthetic unit hydrographs
The proposed procedure used for developing synthetic unit hydrographs is briefly summarized below.
Step-1 : Enter the catchment data such as catchment area (A CA ), river length (L) and unit rainfall duration (Tr).
Step-2 : Compute time lag (T L ) using equation (1) or any other time lag formula available. Then compute time to peak (Tp) and time base (Tb) using equations (2) and (3).
Step-3 : Generate ITB-1 and/or ITB-2 dimensionless synthetic unit hydrograph curve using equations (4) and (5), and present them in tabular form.
Step-4 : Compute the area of the dimensionless synthetic unit hydrograph curve generated in step 3 numerically (using the trapezoidal rule).
Step-5 : Compute adjustable peak discharge of the synthetic unit hydrograph Q p using equation (9).
Step-6 : Generate dimensionalised synthetic unit hydrograph by multiplying the abscissa and ordinate of the dimensionless synthetic unit hydrograph obtained in step 4 by T p and Q p respectively.
Step-7 : Compute the total volume of the synthetic unit hydrograph generated in step 6 using the trapezoidal rule. The volume of synthetic unit hydrograph must be equal to 1 mm (unit rainfall excess).
Step-8 : Generate the total hydrograph by performing superposition process of rainfall excess distribution for every unit rainfall duration interval.
Step-9 : Perform final check by computing the total volume of the hydrograph generated in step 8 using the trapezoidal rule. The volume of the hydrograph must be equal to the total volume of rainfall excess.
Calibration of time to peak and peak discharge values
Suppose, for a particular catchment, the measured unit hydrograph curve is known, and the peak discharge (Q p ) as well as the time to peak (T p ) are easily identifiable. The procedure used for calibrating the computed synthetic unit hydrograph is briefly summarized below.
1) If the time to peak (T p ) of the measured and computed synthetic hydrographs are not similar, the coefficient C t in equation (1) should be adjusted to bring the times to peak into closer agreement. In general, C t < 1.0 will reduce time to peak, while C t > 1.0 will increase time to peak.
2) If the peak discharges (Q p ) of the measured and computed synthetic hydrographs are not similar, the coefficient C p in equation (4) and (5) should be adjusted to bring the peak discharges into closer agreement. In general C p < 1.0 will reduce peak discharge, while C p > 1.0 will increase peak discharge.
Application
In the following section, two examples application of this new method will be given. The first example demonstrates synthetic unit hydrograph calculations for a small hypothetical basin using a triangular synthetic unit hydrograph. The second example shows the implementation of ITB-1 and ITB-2 synthetic unit hydrographs for calculating flood discharge of Cibatarua river basin, a mid-size basin located in West Java, Indonesia.
Flood hydrograph of small catchment
The first example application of the ITB method is on a small hypothetical catchment with a catchment area of 1.2 km 2 , river length of 1.570 km, and catchment slope of 0001. To show the flexibility of the proposed method, the triangular dimensionless synthetic unit hydrograph shown in Figure 3 was used to generate a flood hydrograph due to excess rainfall of 10 mm, 70mm, and 30 mm (half-hour intervals). 4. The superposition process of 10 mm, 70 mm, and 30 mm rainfall excess (half-hour intervals), is shown in Table 1 , and the final hydrograph result is shown in Figure 5 . (Note the ratio of direct run 
Flood hydrograph of Cibatarua watershed
The second example application of ITB methods is the computation of the flood hydrograph of the Cibatarua river basin. Cibatarua river has catchment area of 56.920 km 2 , river length of 12.150 km, and catchment slope of 008. In this example, time lag for ITB-1 SUH was calculated using the Snyder method, while ITB-2 time lag was calculated using the Nakayasu formula. The calculation procedures for generating ITB-1 and ITB-2 SUH are shown in Table 3 and  Table 4 .
Furthermore, the incremental rainfall excess shown in Table 2 used to generate the total hydrographs, using the superposition process shown in Table 5 and Table 6 . The resulting total hydrographs were compared with the results other methods shown in Figure 6 . This figure shows that the results of HSS ITB-1 are close to those of the Snyder-Alexeyev and HEC-HMS results, while the ITB HSS-2 (with  1.50 and non-default  0.72 are close to the Nakayasu results ( 3.00 for Nakayasu . Table 2 :
Rainfall excess distribution. Table 5 :
IV. Computation of ITB-1 SUH :
t=T/Tp q=Q/Qp A Q(m3/s) V(m3) ( 1 )( 2 )
IV. Computation of ITB-2 SUH :
Superposition of ITB-1 UH. 
Conclusions
The unit hydrograph methods are still widely used tool in hydrologic analysis. These methods are simple, requiring only an easy determination of watershed characteristics, such as catchment area and river length. This paper, presents a new synthetic unit hydrograph computation method based on mass conservation principle. This mass conserving SUH calculation procedure, called ITB ITB SUH calculation method, has been implemented to develop ITB-1 and ITB-2 SUH. Our proposed method is flexible in adopting time lag and time to peak formula available in the literature. The method is applicable to any basic shape for synthetic unit hydrographs. We derive a unit hydrograph calculation procedure in which the dimensionless synthetic unit hydrograph basic shape synthesized by using either a simple single function (ITB-1) or two simple functions (ITB-2). The peak discharge is then computed using terms involving time to peak and the ratio between catchment area and the area of unit hydrograph computed using trapezoidal rule. The computed time to peak and peak discharge value are then used to change the dimensionless unit hydrograph into dimensionalised unit hydrograph. The derivation of peak discharge using our method is simple and easy to understand. Using such derivations, it is easy to teach students how to develop a synthetic unit hydrograph and corresponding peak discharge using different types of basic shapes suitable for unit hydrograph development. Unlike the peak discharge formula of other methods, which applies only to certain basic hydrograph shape (e.g. the Nakayasu peak discharge formula applies only to curves according Nakayasu etc), the proposed peak discharge formula applies for any basic hydrograph shape.
Finally some applications of the ITB SUH calculation method in computing design flood of small and medium size catchment are also presented. The results show that, although input data required by ITB-1 and ITB-2 synthetic unit hydrograph are simple and the calculation is easy, but the final results agree well with other methods developed earlier.
